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Abstract: Triadimefon, a broad-spectrum, systemic fungicide used to protect 27 
agricultural crops is popular in China. However, sub-lethal effects of triadimefon on 28 
aquatic organisms remained poorly understood, and its risks to aquatic organisms 29 
were unclear. In the current study, thresholds for chronic toxicity to five aquatic 30 
organisms were determined and a PNEC based on reproductive fitness of nine aquatic 31 
organisms was derived through use of a species sensitivity distribution (SSD). NOECs, 32 
based on reproduction or inhabitation of growth, for Oryzias latipes, Daphnia magna, 33 
Brachionus calyciflorus, Heterocypris incongruens and Soirodela polyrhiza were 5, 34 
25, 80, 320 and 500 µg L-1, respectively, and the final PNEC derived was 3.66 µg L-1. 35 
A screening-level hazard assessment of surface water based on both measured 36 
environment concentrations (ND~5.22 µg L-1) in 3 lakes, 2 reservoirs and 1 river and 37 
predicted environment concentrations (0.36~65µg L-1) in a simulated river and pond, 38 
identified unacceptable hazard to aquatic organisms po ed by triadimefon, with 39 
maximum hazard quotients (HQs) of 1.43 and 17.8, respectively. Potential deleterious 40 
effects and hazards or risks of exposure of aquatic organisms from current patterns of 41 
use of triadimefon in surface water if of concern. Since HQs were relatively small and 42 
the benefits large, it is suggested that mitigations be applied to allow use while 43 
minimizing potential for adverse effects on aqutic organisms. 44 
 45 
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1. Introduction 49 
Triadimefon (1-(4-chlorophenoxy)-3, 3-dimethyl-1-(1, 2, 4-triazol-1-l) 50 
butan-2-one; CAS 43121-43-3) is a broad-spectrum, systemic fungicide, belonging to 51 
the triazole family, that is used to control rust and mildew on fruits, row crops and 52 
ornamental plants. Triadimefon has a solubility of 64 mg L-1 in water at 20 ℃, but the 53 
limit of solubility of its transformation product, 1,2,4-triazole is 1250 g L-1. Residues 54 
of triadimefon can be desorbed from soil and transported by rain to surface waters 55 
or groundwater. This potential mobility coupled with possible detrimental effects on 56 
aquatic organisms following spray drift or runoff from surfaces has led to concerns 57 
about widespread use of this fungicide. In water, triadimefon is degraded by 58 
photolysis with a half-life of 7.6 hours, but in anaerobic aquatic environments, it is 59 
relatively stable to hydrolysis with a half-life of217 d (USEPA, 2006). Triadimefon 60 
has been previously detected in water in the USA at concentrations as great as 922 µg 61 
L-1 (Watschke et al., 1999). By use of the exposure analysis model, PRZM-EXAMS 62 
(the Pesticide Root Zone Model and Exposure Analysis Modeling System), an 63 
environmental concentration of triadimefon in surface waters was predicted to be 64 
4.1~100.8 µg L-1 with the use scenario of 2 applications of 2.7 lbs ai A-1 for golf 65 
courses and sod farms (USEPA, 2006). With adjustment of the national policy and 66 
agricultural planting structure, usage of triadimefon in China has been increasing 67 
annually (Wang, 2015). Concentrations of triadimefon in rivers in China ranged from 68 
0.00152 to 5.22 µg L-1 (Liu et al, 2017; Wei et al, 2016; Liu et al, 2015; Lu, 2016). 69 
Considering increasing use of triadimefon as a fungicide in agriculture, and potential 70 
for it to reach surface waters, further assessment of risks of triadimefon to aquatic 71 
ecosystems of China was deemed necessary. 72 














exhibits little acute toxicity to vertebrates, and therefore has been classed as a 74 
fungicide of lower toxic potency (Shao et al, 2002), and concentrations of triadimefon 75 
are restricted to 5000 µg L-1 by Chinese wastewater effluent standards (GB 76 
21523-2008) (SBTS, 2008). During a 96-hr test, with Lemna minor, triadimefon 77 
inhibited development of roots and vegetative reproduction with an IC50 of 5470 µg 78 
L-1 (Liu, 2005). Sub-lethal effects of triadimefon have been suggested particularly 79 
endocrine disrupting effects, by the Food and Agriculture Organization of the United 80 
Nations and the World Health Organization (FAO et al, 1986), the World Wildlife 81 
Fund (WWF, 2005), and the State of California Environmental Protection Agency 82 
Office of Environmental Health Hazard Assessment (OEHHA, 2015). In the 83 
Endocrine Disruptor Screening Program (EDSP) Tier l screening assays for 52 84 
pesticides implemented by the US EPA, potential effects of triadimefon on estrogen, 85 
androgen and thyroid hormone systems of mammals were evaluated using in-vitro and 86 
in-vivo tests. Observed effects were due to increased metabolic activity in the liver, 87 
and generally observed in connection with systemic/overt toxicity (i.e., body weight 88 
decreases, skeletal malformations) in wildlife. However, no direct actions on the 89 
hypothalamic-pituitary-gonadal (HPG) or hypothalamic-p tuitary-thyroidal (HPT) 90 
axes were observed (USEPA, 2015), so triadimefon it thought to have no direct 91 
interactions with estrogen-, androgen- or thyroid-mediated pathways. Triazole 92 
fungicides have been reported to adversely affect early development of freshwater fish 93 
(Zhu et al, 2014; Hermsen, 2011). In a 120-day toxicity test with Danio rerio, 250 µg 94 
triadimefon L-1, adversely affected the number of individuals and caused 95 
masculinization of females exposed to 500 µg triadimefon L-1 (Liu, 2011). Overall, it 96 
can be concluded that long-term exposure of aquatic organisms to triadimefon has 97 














adversely affect fitness and survival of juveniles although the mechanisms are 99 
unclear.   100 
Despite data on effects of triadimefon on several fishes, the African clawed frog 101 
(Xenopus laevis) and duckweed, potential effects of triadimefon on other aquatic 102 
organisms remained poorly understood, particularly with regard to reproductive 103 
fitness, which most accurately represents variations among populations and species 104 
diversity for modulation of endocrine function in aquatic organisms (Jin et al, 2014; 105 
Liu et al, 2016). Also, a predicted no-effect concentration (PNEC) had not been 106 
derived for triadimefon so that hazard to aquatic organisms was unclear, especially in 107 
surface waters of China. 108 
The 1st objective of this study was to investigate potential for sub-lethal effects of 109 
triadimefon on various species and then to derive a PNEC based on reproductive 110 
fitness of aquatic organisms. Chronic toxicity tests were conducted with five aquatic 111 
organisms, including the small fish, Japanese medaka (Oryzias latipes), cladoceran 112 
water flea (Daphnia magna), rotifer (Brachionus calyciflorus), ostracod (Heterocypris 113 
incongruens) and duckweed (Soirodela polyrhiza). Then, empirical information on 114 
chronic toxicity of triadimefon determined during this study was combined with 115 
ecotoxicity data reported in the literature and used to derive a PNEC, by use of 116 
species sensitivity distribution (SSD). The 2nd objective was to use the derived PNEC 117 
in conjunction with both measured and predicted concentrations in surface waters of 118 
China to calculate hazard quotients (HQs) and assess risks based on probabilities of 119 
exceedances of concentrations and probabilities of ffects on species.  120 
2. Materials and methods 121 
2.1. Test substances and media 122 














Acetone was purchased from KangLin Science & Technology Co. Ltd., Beijing, 124 
China. Solutions of triadimefon were prepared by mixing the appropriate amount of 125 
triadimefon into acetone (<0.1 ml L-1) to form a stock solution. During tests, 126 
concentrations of triadimefon in control and test samples were performed on Agilent 127 
Series 1290UHPLC-6495QQQ MS. 128 
The test medium for studies with rotifers and ostracoda were prepared with 129 
deionized water and reagent grade chemicals in a synthetic water, of moderate 130 
hardness, with the following water quality characteris ics:  hardness = 80 to 100 mg 131 
L-1 (as CaCO3), pH = 7.6 ± 0.3, total organic carbon (TOC) = 0.017 mg L
-1, and 132 
saturation dissolution oxygen >80%. The test medium for duckweed was prepared 133 
according to Swedish Standards Institute (SIS), with a pH of 7.24±0.16. 134 
2.2. Species and test methods 135 
(1) O. latipes reproductive toxicity test 136 
O. latipes, which had been maintained in our laboratory for mre than two years 137 
were allowed to acclimate under controlled laboratory conditions for two weeks. 138 
During the 28-day study of reproduction adult fish were exposed to 1, 5, 10, 25, or 50 139 
µg triadimefon L-1. In addition, controls of dilution water only and solvent controls 140 
containing 0.01% acetone were included in the experimental design. Based on OECD 141 
method 236 (OECD, 2013a), breeding pairs of medaka ( pproximately 4 months old) 142 
were kept in a flow-through 5 L, glass aquaria, under a photoperiod of 16: 8 h (light: 143 
dark) at a constant temperature (25±1 °C), and fed with newly hatched brine shrimp 144 
(Artemia sp.) twice daily. During the last 4 days, newly-spawned eggs and rates of 145 
fertility were determined daily, and then fertilized eggs were placed into dilution 146 
medium, which was renewed daily. Rates and times of hatching were recorded at the 147 














(2) D. magna chronic toxicity test 149 
Stock individuals were cloned in the laboratory by raising a single parthenogenic 150 
female. Offspring to be used in tests were cultured more than 3 generations in 151 
conditions identical to those to be used in tests. The experimental design was based on 152 
that of a previous study (Hassold et al, 2009) and contained five test concentrations in 153 
a log-bisected scale: 0 (control), 25, 50, 100, 200 and 400 µg L-1. To allow for 154 
enumeration of neonates produced from each adult female and to avoid pseudo 155 
replication, 10 females were exposed individually to each test concentrations in cups. 156 
Forty milliliters of individual test solutions containing various concentrations of 157 
triadimefon were prepared with Elendt M4, including green algae (Scenedesmus 158 
obliquus) with a density of 2.0×105~3.0×105 cells mL-1. A single juvenile D. magna, 159 
less than 24 hours old was placed into a 50 mL cup. Based on the OECD 211 (OECD, 160 
2013b) method, all test vessels were kept in a climate controlled chamber at 22±1℃, 161 
with a photoperiod of 16:8 hours (light: dark), and 16 hours light at an intensity not 162 
exceeding 1110 lx ~ 1480 lx. The exposure was a semi- tatic renewal test, during 163 
which test solutions were renewed daily over the duration of 21 days. Frequencies of 164 
molting of adults and numbers of D. magna in each cup were measured during the 165 
21-d test.  166 
(3) B. calyciflorus reproductive toxicity test 167 
Based on procedure 20666 (ISO, 2008), dormant eggs of B. calyciflorus were 168 
purchased from MicroBioTests Inc. and hatched at (25±1) ℃ for 16-18 hours with 169 
continuous lighting of intensity 3000 lx to 4000 lx. Individual female neonates were 170 
subsequently transferred into test wells within 2 hours after hatching from the cyst. 171 
Methods for the tests were adapted from those report d previously (Xu, 2015). Test 172 














320 µg L-1. One milliliter of test solution and 10 B. calyciflorus neonates were placed 174 
into rinsing wells. Individual B. calyciflorus were then transferred to 48-well 175 
polystyrene plates. The volume used to transfer each B. alyciflorus was less than 20 176 
µL) along with 0.9 ml test solution, 0.1 ml S. obliquus of 3×107~4×106 cell ml-1. 177 
Plates were kept at 25±1 ℃ in darkness for 96 hours. Each treatment consisted of ight 178 
replicates. After 96 hours, numbers of sexual femals carrying resting eggs, asexual 179 
females carrying female eggs and all female B. calyciflorus (offspring and mothers) 180 
for each batch were recorded separately and the proporti n of B. calyciflorus carrying 181 
resting eggs or female eggs was calculated. 182 
(4) H. incongruens growth inhibition test 183 
Dormant eggs of H. incongruens were purchased from MicroBio Tests Inc., and 184 
hatched at 25±1 ℃ with continuous lighting of intensity of 3000 lx to 4000 lx. The 185 
nauplii within 4 hours after cyst hatching were used as test animals. Tests of inhibition 186 
of growth were carried out in accordance with the ISO protocol (ISO, 2012). Based on 187 
results of pre-experiment pilot studies, the test concentrations used in the definitive 188 
tests were: 0 (control), 40, 80, 160, 320 and 640 µg L-1, with a solvent control (0.0064% 189 
acetone) conducted at the same time. Tests were condu ted in 6-well plates. Each well 190 
was filled with 2 mL test solutions, 2 ml S. obliquus of 1.5×107 cell ml-1 and 10 191 
nauplii. Each batch consisted of three replicates. T t plates, which were covered with 192 
a piece of parafilm, were placed in an incubator at 25±1℃, in darkness, for 6 days. 193 
Body lengths of H. incongruens were measured under a dissection microscope, with 194 
an accuracy of 10 µm inhibition of growth (I) calculated at the end of test. In this 195 
assay, two criteria were provided to assess validity of est results: Mean mortality of H. 196 
incongruens in the control test did not exceed 20% and mean length increments of H. 197 














(5) S. polyrhiza population growth inhibition test 199 
This assay was a 10-day chronic test, conducted with the duckweed Soirodela 200 
polyrhiza, which is indigenous to China. Specimens of S. polyrhiza were obtained 201 
from the Chinese Academy of Sciences, and maintained under controlled laboratory 202 
conditions for two weeks. The test was conducted according to guideline 221 (OECD, 203 
2006). Test solutions were renewed every three days. Ba ed on previously published 204 
results (Liu, 2005) and results of the pilot study, test concentrations were: 0 (control), 205 
0.5, 1.0, 2.0, 4.0, 8.0 mg L-1, with a solvent control (0.10 ml L-1) performed 206 
simultaneously. The test was conducted using crystallizing dishes with a diameter of 207 
90 mm in 200 ml of test solutions.  Five individual S. polyrhiza each with two leaves 208 
were added to each dish. Covered dishes were exposed t  continuous light (6600 lux) 209 
at 24±2℃ for 10 d. During the trial, the numbers of leaves were counted every day, 210 
and fitted with exponential functions for each conce tration. At the end of test, the 211 
mean special growth rate (µ) and the percentage growth inhibition (I) calculated 212 
(Equations 1 and 2).  213 
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× 100%                       (2) 215 
Valid tests had at least mean, specific growth ratein the control batch of 0.275 216 
(OECD, 2006). The experiment was replicated three tim s. 217 
 2.3. Statistical analysis and generation of SSDs 218 
Results of chronic toxicity tests were tested using SPSS 16. Normality for each 219 
concentration was confirmed by use of the Kolmogorov-Smirnov test and 220 














variance (ANOVA) followed by Dunnett’s multiple comparison tests to determine 222 
which concentration produced responses that were diff rent from the control. The 223 
NOEC was defined as the greatest test concentration that did not result in a significant 224 
effect (P>0.05) compared with the control. 225 
The SSD approach is based on the assumption that toxicity data obtained is a 226 
subsample of a larger dataset, and single-species data for many species fit to a 227 
distribution such as the log-normal or log-logistic. In this study, a log-normal 228 
distribution model was fitted to data for effects of triadimefon on aquatic organisms, 229 
and the fit of the model was evaluated using the Anderson-Darling test and 230 
homogeneity of variance was confirmed by use of Levin ’s test. The HC5 (hazardous 231 
concentration for 5% species affected) value with 50% confidence was then estimated 232 
by use of ETX software packages (ETX 2.0, RIVM) based on methods of Aldenberg 233 
(2000). Final PNECs were calculated as the derived HC5 divided by a factor of 2, 234 
which was a qualitatively chosen factor depending o the amount of supporting 235 
evidence, such as non-native species data and multi-species data available (Jin et al, 236 
2011; Jin et al, 2015).  237 
2.4. Aquatic environmental exposure and risk assessm nt 238 
To assess the overall status of triadimefon in aquatic environments of China, 239 
data on exposure to triadimefon, expressed as concentrations in surface waters 240 
including rivers, lakes, reservoirs and urban rivers were collected from literature 241 
published in China, with master’s theses and doctoral dissertations included. For 242 
statistical analyses, values that were less than the method detection limits (MDL) were 243 
replaced with a surrogate value equal to half the MDL. Distributions of concentrations 244 
of triadimefon in surface waters of China determined in this study were tested for 245 














(SPSS Inc., Chicago, Illinois). The statistical summary of the exposure distributions 247 
are reported in the Supporting Information (Table S1). 248 
Because measurements of triadimefon in waters of China were limited, 249 
predicted environmental concentrations (PECs) of triadimefon in surface waters under 250 
agricultural conditions in China were also simulated by use of the PRZM-EXAMS 251 
simulation model module within the Pesticide Risk Assessment Exposure Simulation 252 
Shell (PRAESS) (Zhao et al, 2012; Zhou et al, 2015), which has been d veloped by 253 
the Nanjing Institute of Environmental Sciences (NIES). PRZM and EXAMS 254 
simulate transport, fate, and behavior of triadimefon in soil and rivers or ponds 255 
respectively. The models can be parameterized with relevant weather conditions, crop 256 
planting areas, amounts of triadimefon applied, soil texture, annual average rainfall, 257 
and chemical characteristics of triadimefon (Table S2). The PRZM-EXAMS model 258 
was used to simulate four scenarios of combinations of crops, regions of China and 259 
receiving aquatic systems. These scenarios were: maize-river and maize-pond in 260 
Zhumadian, Henan province, maize-river and maize-pond in Nantong, Jiangsu 261 
province. Predicted exposure concentrations (PEC) were estimated as running 262 
averages and output for durations of 1, 4, 21, 60, 90 and 365 days  (Table S3). 263 
Based on both existing measured environmental concentration (MEC) and PEC 264 
in conjunction with sub-lethal toxicities of triadimefon to aquatic organisms, 265 
semi-probabilistic assessments based on the hazard quotients (HQs) were conducted 266 
and compared. 267 
3. Results and discussion 268 
During tests, the measured concentrations of triadimefon were 85%~97% (with 269 
means of 89.2%) of nominal concentrations, and no triadimefon was detected in 270 














3.1. Sub-lethal toxicity test results of triadimefon 272 
3.1.1 O. latipes 28-day reproductive toxicity test  273 
Triadimefon caused statistically significant, dose-dependent, decreases in 274 
numbers of eggs produced by medaka. Adult, O. latipes, not exposed to triadimefon 275 
(controls) produced 135.3 eggs d-1 (Fig. 1). For O. latipes exposed to 1 or 5 µg 276 
triadimefon L-1, no statistically significant effects on numbers of eggs were observed. 277 
Exposure to 10 µg or 25 µg L-1, resulted in fewer eggs produced, with means of 86.8278 
and 87, respectively, which were significantly (P<0.05) fewer than the number 279 
produced by the controls. Mean number of eggs produce  by adults exposed to 50 µg280 
triadimefon L-1 was 61.5. Thus, at the greatest concentration tested, fecundity was 281 
significantly (P<0.01) inhibited by 54.5%. In contrast, fertility was less affected and 282 
decreased from 94.6% in eggs from control adults to 79.0% for those exposed to of 25 283 
µg triadimefon L-1. Similarly, significant (Jonckheere-Terpstra; P<0.05) lesser 39% at 284 
250 µg triadimefon L-1 was observed in a 21-day short-term reproduction assay of 285 
triadimefon with Pimephales promelas (USEPA, 2015); spawning frequency and 286 
fertility rate was also significantly less in individuals exposed to 250 µg triadimefon 287 
L-1 in a 120-day toxicity test with Danio rerio (Liu, 2011) . 288 
Mean proportion of eggs that hatched was also significa tly (P<0.05) less for 289 
adults exposed to 10 µg triadimefon L-1. However, the time taken to hatch was not 290 
affected even at 50 µg L-1. Overall fecundity, which included the number of eggs laid 291 
as well as the hatching rate, was the most sensitive endpoint, from which to derive the 292 
NOEC, which was determined to be 5 µg triadimefon L-1. To shorten processing time 293 
and make toxicity testing easier, fecundity is suggested to be a suitable endpoint to 294 

















Fig. 1 Effect of 28-d exposure to triadimefon on reproduction fitness of Japanese medaka Oryzias 299 
latipes. Data are shown as the mean ± SD. *and **indicate statistical significant differences set at 300 
P≤0.05 and P≤0.01 respectively. 301 
3.1.2 D. magna 21-day chronic toxicity test  302 
Triadimefon significantly affected reproduction of D. magna during the 21-day 303 
test (Fig. 2). Molting frequencies of D. magna were inversely proportional to 304 
concentration of triadimefon. Relative to negative controls, there was little effect on 305 
frequency of molting when D. magna exposed to 25 µg triadimefon L-1, while a 306 
significant (P<0.05) but statistically lesser frequncies were observed at 307 















































































































were more significant (P<0.01) and less for D. magna exposed to 200 or 400 µg 309 
triadimefon L-1, which were 3.02 and 2.53 times, respectively. These results were 310 
similar to data collected from the ECOTOX data base, where the LOEC value based 311 
on reproduction was 283µg L-1, and NOEC values, based on various endpoints ranged 312 
from 52 to 87µg L-1 in 21-day chronic toxicity tests with D. magna. D. magna was 313 
less sensitive to effects of triadimefon on reproduction than was medaka with a 314 
significant (P<0.05) decreases in numbers of neonats produced only at 400 µg L-1. 315 
Results reported herein support the hypothesis that some chemicals, which disrupt 316 
endocrine processes in vertebrates, can also interfere with molting of arthropods 317 
through acting as antagonists of endogenous ecdysteroid by inhibiting the activity of 318 
P450 enzymes (Kenneke et al, 2009).  319 
 320 
Fig. 2 Effect of 21-d exposure to triadimefon on molting frequencies and offspring numbers of 321 
Daphnia magna. Data are shown as the mean ± SD. *and **indicate statistical significant 322 
differences set at P≤0.05 and P≤ 0.01 respectively. 323 
3.1.3 B. calyciflorus 96-hour reproduction test 324 
Mean duration before young, adult, asexual female B. calyciflorus produced eggs 325 





























































2012). Normally, asexual, female rotifers produce eggs mitotically that develop into 327 
female rotifers. Given appropriate environmental conditions, including population 328 
density, temperature, food availability and quality, chemical toxicity, sexual 329 
reproduction can occur in rotifers, and asexual femal  rotifers produce sexual female 330 
rotifers. Sexual females subsequently produce eggs meiotically that develop into 331 
haploid males, or resting eggs if fertilized by males (Chen, 2005). The test was 332 
designed to determine effects on reproduction of B. calyciflorus from F0 to F2. During 333 
the experiment, there were no B. calyciflorus died and the proportion for B. 334 
calyciflorus carrying two kinds of eggs for each batch is shown (Fig. 3). 335 
 336 
Fig. 3 Effect of 96-h exposure to triadimefon on reproduction of rotifer Brachionus calyciflorus. 337 
Data are shown as the mean ± SD. * indicate statistical significant differences set at P≤0.05. 338 
Effects of triadimefon on proportions of B. calyciflorus carrying resting eggs and 339 
female eggs were variable. Exposure concentrations of 20, 80 and 160 µg L-1 340 
triadimefon resulted in a greater proportion than the control. However, after exposure 341 
to 40 or 320 µg triadimefon L-1, proportions of B. calyciflorus carrying resting eggs 342 
were similar to that of unexposed controls. Carrying capacities of females were 343 
slightly less in adults exposed to greater concentrations, but these effects were not 344 
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were 1.5 and 3.9% for the control and acetone controls, while the proportion of B. 346 
calyciflorus carrying resting eggs was 9% at 20 µg L-1, which was not statistically 347 
significant (P>0.05) but was considered to potentially be biologically relevant relative 348 
to the negative control. Proportions of females carrying resting eggs were inversely 349 
proportional to concentrations of triadimefon. At 160 µg triadimefon L-1, carrying 350 
capacity for resting eggs, was significantly greater than the control (P<0.05) which 351 
resulted in a NOEC of 80 µg triadimefon L-1.   352 
Results of previous studies have revealed that sexual reproduction in rotifers is a 353 
more sensitive indicator of toxic stress than is asexual reproduction (Chen et al, 2012; 354 
Preston et al, 2001). Sexual reproduction of the rotife  B. plicalitis was adversely 355 
affected in the presence of small concentrations of diazinon, while amictic females 356 
reproduced normally. The 96-hour toxicity study with B. calyciflorus indicated that 357 
types of reproduction offspring of B. calyciflorus exposed to triadimefon was different 358 
from those not exposed to triadimefon. This provides another line of evidence that 359 
sub-lethal exposures to triadimefon would disturb reproduction of invertebrates like B.360 
calyciflorus. 361 
3.1.4 H. incongruens 6-day body growth inhibition test 362 
Size of 10 randomly selected H. incongruens neonates measured microscopically 363 
ranged from 150 to 250 µm, with a mean of 206 µm. At the end of the experiment, 364 
survival of H. incongruens in controls was greater than 80% in every treatmen and 365 
mean length was 410 µm, which was sufficient to meet the requirements of the test 366 
(Belgis et al., 2003). Length increased for each batch of H. incongruens (Fig. 4). For 367 
concentrations from 40 to 320 µg triadimefon L-1, no inhibition of growth of H. 368 
incongruens was observed. Inhibition of growth compared to the control was 33.4% 369 














significantly (P＜0.01) shorter, with a NOEC of 320 µg triadimefon L-1. 371 
 372 
Fig. 4 Effect of 6-day exposure to triadimefon on growth of Ostracod Heterocypris incongruens 373 
larval body length. Data are shown as the mean ± SD. **indicate statistical significant differences 374 
set at P≤0.01. 375 
3.1.5 S. polyrhiza 10-day population growth inhibition test 376 
There was an exponential increase in individuals either not exposed or exposed 377 
to 0.5 or 1 mg triadimefon L-1 (R2 >0.99) (Fig. 5). Compared to controls, there was no 378 
effect of triadimefon on growth during the first 2 days. On day 3, growth of S. 379 
polyrhiza exposed to triadimefon slowed then the deficit in growth relative to the 380 
controls remained constant at greater concentrations. Effects of triadimefon to S. 381 
polyrhiza were time- and concentration-dependent. After fourdays of exposure, there 382 
was a significant reduction of growth relative to that of the control by exposure to 383 
either 4 or 8 mg triadimefon L-1, with 53.3% and 86% inhibition, respectively. Leavs 384 
gradually turned yellow and eventually died. These results are consistent with those of 385 
a previous study (Liu, 2005), where exposure of S. polyrhiza to triadimefon for 96 386 









































Fig. 5 Growth curves of Soirodela polyrhiza exposed to triadimefon at various concentration. 389 
During the 10-day test, specific growth rate of plants in the control was 0.33, 390 
which met the requirements of the OECD test guidelines (Table 1). As concentrations 391 
of triadimefon increased, growth decreased gradually. Growth was significantly (P＜392 
0.01) less than that of controls at concentrations greater than 1 mg triadimefon L-1, 393 
with growth inhibited by 27.3%. The LOEC, based on reduced growth, was 1 mg 394 
triadimefon L-1, and the NOEC was 0.5 mg triadimefon L-1. 395 
Table 1 Analysis of inhibition of growth of Soirodela polyrhiza by triadimefon. 396 
Concentration 
(mg/L) 
Control 0.5 1** 2** 4** 8** 
1st replicate 
(leaves) 
292 213 120 31 15 13 
2nd replicate 
(leaves) 
240 260 101 29 17 11 
3rd replicate 
(leaves) 
289 231 113 29 16 18 






















Triadimefon concentration (mg L-1)















SD 29.19 23.71 9.61 1.15 1.00 3.61 
µ 0.33 0.32 0.24 0.11 0.05 0.03 
I (%) -- 3.0 27.3 66.7 84.8 90.9 
Note: **Significantly difference (ANOVA) to control (P ≤0.01). 397 
3.2. Predicted no effect concentration of triadimefon based on sub-lethal effects 398 
A total of 9 (five from this study and four obtained from literature) chronic 399 
toxicity values, based on sub-lethal effects, especially for reproductive fitness, were 400 
used for derivation of species sensitivity distribut ons (SSD) (Table 2). These 401 
included three fishes, three invertebrates, one amphibian, one planktonic algae and 402 
one hygrophyte. Values of NOECs ranged from 5 to 500 with a mean of 403 
150.22±161.78 µg triadimefon L-1. Toxicity data for triadimefon, based on various 404 
endpoints, were investigated by use of the Anderson-Darling test (p<0.05) to 405 
determine if they met the assumption of log-normality for application of parametric 406 
statistics. The median HC5 value (with 50% confidence intervals) of 7.32 (1.16~ 9.93) 407 
µg triadimefon L-1 was slightly greater than the measured NOEC for fecundity of the 408 
Japanese medaka (Oryzias latipes). According to the RIVM (Dutch National Institute 409 
for Public Health and the Environment) report (Vlaardingen et al, 2007), species for 410 
which cumulative probabilities were less than 5% in SSDs are regarded to be sensitive 411 
species. The PNEC of 3.66 µg triadimefon L-1 was derived as the HC5 divided by a 412 
factor of 2 because it was derived by use of species not endemic to China (Jin et al, 413 
2011; Jin et al,2015). However, this result is lessby a factor of 1,366 than the Chinese 414 
effluent standards of pollutants from heterocyclic pesticides industries (GB 415 
21523-2008) (SBTS, 2008) allowed for wastewater treatm nt plant effluents, which is 416 














developed by the US EPA (USEPA, 1984), a toxicity datum for an insect was lacking. 418 
However, the 48-hour, LC50 for black fly larvae was 6.1 mg triadimefon L
-1 (Kenneke 419 
et al, 2009), which was similar to the 48-hour EC50 for D. magna of 7.16 mg 420 
triadimefon L-1 (USEPA, 1992) and the 96-hour IC50 of S. polyrhiza of 5.47 mg 421 
triadimefon L-1 (Liu, 2005). So it was concluded that inclusion of chronic toxicity for 422 
an insect would probably not dramatically change the result of the assessment. The 423 
final PNEC of 3.66 µg L-1 was recommended to protect aquatic organisms in surface 424 
waters of China. 425 
Table 2 Summary of results obtained with various bioassays c rried out with triadimefon. 426 








Oncorhynchus mykiss Growth 60 40 (USEPA, 1992) 
Osteichthyes 
Fathead Minnow 
Pimephales promelas Growth 35 170 (USEPA, 1992) 
Osteichthyes 
Medaka 
Oryzias latipes Fecundity 28 5 this study 
Amphibian Xenopus laevis Growth 21 112  (Li et al,2016) 
Zooplankton  
Crustacean 












4 80 this study 
Vascular plant Soirodela polyrhiza 
Population 
growth 
10 500 this study 














subspicatus  growth 
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 428 
Fig. 6 Species sensitivity distributions (SSDs) of triadimefon based on sub-lethal endpoint for nine 429 
aquatic species. 430 
3.3. Exposure assessment of triadimefon in surface wat rs of China 431 
Concentrations of triadimefon for 6 surface waters were collected, with 432 
concentrations for the various sites ranging from less than the limit of quantification 433 
to 5.22 µg L−1 (Table S1). Concentrations varied among uses of surface waters. 434 
Concentrations of triadimefon in Tai Lake (Ch: Taihu) ranged from 0.00152 to 435 
0.00727 µg L−1, which were less than concentrations in the Jiulong River (Ch: 436 
Jiulongjiang) and lakes in Guizhou province, in the far, southwest of China.  437 
Predicted environmental concentrations (PEC) of triadimefon used in cotton 438 
(Nantong, Jiangsu) and maize (Zhumadian, Henan) were predicted by use of a 439 
combination of simulation models, parameterized for specific crops and regions, 440 
including the PRZM-EXAMS model in PRAESS (Table S2). For the two row crops, 441 
triadimefon used in cotton, resulted in greater PECs in surface waters. After 442 
application to cotton, the greatest PEC in an adjacent river and pond were predicted to 443 














simulated river and pond were 0.36 and 0.569 µg triadimefon L-1 respectively, which 445 
were 100- and 114-fold less than the former. That difference was due to the greater 446 
rate applied to cotton (0.6 kg ha-1) and method of spray application, which presented a 447 
large surface area to triadimefon for diffusion in soil. Alternatively, the amount of 448 
triadimefon used in maize was 0.018 kg ha-1, nd it was less easy to mobilize because 449 
it was applied as a seed dressing. 450 
3.4. Assessment of risks posed by triadimefon 451 
Assessments of potential for adverse effects of triadimefon on aquatic organisms 452 
were achieved by applying semi-probabilistic, hazard assessment methods by 453 
calculation of a hazard quotient (HQ). Based on the PNEC derived here from nine 454 
species’ sub-lethal data in conjunction with both the MECs and the PECs from 455 
simulations of runoff from several scenarios, the cronic, sublethal HQs for effects of 456 
triadimefon on aquatic organisms were calculated (Fig. 7).  457 
Hazards were assessed using either the mean or maximum concentration for 458 
measured triadimefon in each surface water. Althoug HQs for triadimefon were less 459 
than 0.1 in Tai Lake and the Jiulong River, overall esults indicated a potential 460 
ecological risk from concentrations of triadimefon in lakes of Guizhou province, for 461 
which the HQ, based on maximum concentrations, was 1.43. Alternatively, for the 462 
maize-river scenario and maize-pond scenario, greatest HQs for triadimefon were 0.1 463 
and 0.16, which indicated e minimis risk to aquatic organisms. For the cotton-river 464 
scenario, the HQ was 9.8 and then decreased rapidly to 2.2 in four days, then 465 
decreasing to less than 1.0 after approximately 21 days (HQ=0.6). For the cotton-pond 466 
scenario, the greatest HQ for triadimefon was 17.8, which was greater than the HQ for 467 
the river. Due to the small rate of decrease of the HQ, the pond exhibited a greater 468 














Triadimefon posed a hazard for damage to reproductive fitness of aquatic 470 
organisms in parts of Chinese surface water based on both MECs and PECs. The HQs 471 
based on the MECs were about one order of magnitude low r than the HQs based on 472 
the PECs might be due to the interaction of pollutants in actual water environment and 473 
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Measured exposure concentration Predicted exposure concentration  476 
Fig. 7 Ecological risk assessment of triadimefon based on b th the measured environmental 477 
concentrations and predicted environmental concentrations in Chinese surface water. 478 
4. Conclusions 479 
Since data based on sub-lethal effects are limited, assessments of effects of 480 














was predicted to cause different toxicities to various organisms, especially affecting 482 
reproductive fitness. The final PNEC of 3.66 µg L-1 was recommended to protect 483 
aquatic organisms in surface waters. Although there a  limited reports of 484 
concentrations of triadimefon in surface waters of China, it was predicted to have 485 
potential ecological risk based on both MECs and PECs in surface waters under 486 
agricultural and climatic conditions of China. Considering that large amounts of 487 
triadimefon are used as a fungicide in agricultural c ops, it is likely that triadimefon 488 
will contaminate the surface waters of China, which should be a concern given the 489 
effects discussed here.  490 
Measures should be taken to minimize the ecological r sk posed by triadimefon. 491 
Clearly, given the limitations and uncertainties of the HQ, a higher-tier, quantitative 492 
probabilistic risk assessment using the joint probability curve (JPC) method that 493 
accounted for variability in exposure and toxicity profiles to quantify risk would be 494 
helpful. In addition, when assessing the risk of environmental endocrine disruptors, 495 
data on chronic effects especially subtle effects on reproduction should be primarily 496 
considered. However, there is limited information of this type available, especially for 497 
Chinese native species. So, data on effects of triadimefon on reproduction of 498 
site-specific species are critically needed in order to produce more accurate ecological 499 
risk assessments. 500 
The main sources of uncertainty in the present study are the limited measured 501 
surface water concentrations, PECs based PRZM-EXAMS simulation model also 502 
have not been corroborated against measured concentratio s. To more accurately 503 
describe exposure and ecological risk, measured concentrations of triadimefon at 504 
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Supporting Information Available 516 
Data on exposure to triadimefon, expressed as concentrations in surface waters 517 
including rivers, lakes, reservoirs and urban rivers were collected from literature 518 
published in China. Considering measurements of triadimefon in waters of china were 519 
limited, predicted environmental concentrations (PECs) of triadimefon in surface 520 
waters under the agricultural conditions of China were also simulated by use of the 521 
PRZM-EXAMS simulation model module within the Pesticide Risk Assessment 522 















Belgis, Z.C., Persoone, G., Blaise, C., 2003. Cyst-based toxicity tests XVI--sensitivity 525 
comparison of the solid phase Heterocypris incongruens microbiotest with the 526 
Hyalella azteca and Chironomus riparius contact assays on freshwater sediments 527 
from Peninsula Harbour (Ontario, Canada), Chemosphere, 52, 95-101. 528 
Chen F, 2005. Studies on reproductive biology of mictic females in freshwater rotifer 529 
Brachionus calyciflorus, in, Anhui Normal University, 2-3 (in Chinese). 530 
Chen, J., Wang, Z., Li, G., Guo, R., 2012. The effect of Dimethoate on the 531 
reproduction of freshwater rotifer, Ecology and Environmental Sciences, 21, 532 
1731-1736. 533 
FAO, WHO, 1986. Triadimefon: pesticide residues in food, part 2-toxieology, Food 534 
and Agriculture Organization, Rome, 199-202. 535 
Hassold, E., Thomas, B., 2009. Chronic toxicity of five structurally diverse 536 
demethylase-inhibiting fungicides to the crustacean Daphnia magna: a 537 
comparative assessment, Environmental Toxicology & Chemistry, 28, 1218–538 
1226. 539 
Hermsen, S.A., Pronk, T.E., Brandhof, E.V.D., Ven, L.V.D., Piersma, A. H., 2011. 540 
Chemical class-specific gene expression changes in the zebrafish embryo after 541 
exposure to glycol ether alkoxy acids and 1,2,4-triazole antifungals, Reproductive 542 
Toxicology, 32, 245-252. 543 
ISO, 2008. Water quality - Determination of the chronic toxicity to Brachionus 544 
calyciflorus in 48 h, International Organization for Standardization, Switzerland. 545 
ISO, 2012. Water quality - Determination of fresh water sediment toxicity to 546 
Heterocypris incongruens (Crustacea, Ostracoda), International Organization for 547 














Jin, W., Zha, J., Xu, Y., Wang, Z., Kumaran, S.S., 2011. Derivation of aquatic 549 
predicted no-effect concentration (PNEC) for 2,4-dichlorophenol: comparing 550 
native species data with non-native species data, Chemosphere, 84,1506-1511. 551 
Jin, X., Wang, Y., Jin, W., Rao, K., Giesy, J.P., Hollert, H., Richardson, K.L., Wang, 552 
Z., 2014. Ecological risk of nonylphenol in China surface waters based on 553 
reproductive fitness, Environmental Science & Technology, 48, 1256-1262. 554 
Jin, X., Wang, Z., Wang, Y., Lv, Y., Rao, K., Jin, W., Giesy, J. P., Leung, K. M. Y., 555 
2015. Do water quality criteria based on nonnative sp cies provide appropriate 556 
protection for native species, Environmental Toxicology & Chemistry, 34, 1793- 557 
1798. 558 
Kenneke, J.F., Christopher, M., Kristen, K., Overmyer, J.P., 2009. Mechanistic 559 
approach to understanding the toxicity of the azole fungicide triadimefon to a 560 
nontarget aquatic insect and implications for exposure assessment, Environmental 561 
Science & Technology, 43, 5507-5513. 562 
Li, M., Li, S., Yao, T., Zhao, R., Wang, Q., Zhu, G., 2016. Waterborne exposure to 563 
triadimefon causes thyroid endocrine disruption and developmental delay in 564 
Xenopus laevis tadpoles, Aquatic Toxicology, 177, 190- 97. 565 
Liu, Y., 2005. Chemistry behavior of Triadimefon in aquatic environment., in, Hunan 566 
Agricultural University, Changsha, 51-52 (in Chinese). 567 
Liu S., 2011. Embryonic developmental and endocrine- eproductive toxicity of 568 
triadimefon on zebrafish, in, Zhejiang University, Hangzhou, 35-40 (in Chinese). 569 
Liu, Y., Yang, W., Wei, C., Lu, T., Song, L., 2015. Pollution characteristics and 570 
health risk assessment of pesticide in drinking water of guiyang city, China during 571 
withered water period, Earth and Environment, 43, 653- 59 (in Chinese). 572 














Probabilistic assessment of risks of diethylhexyl phthalate (DEHP) in surface 574 
waters of China on reproduction of fish, Environmental Pollution, 213, 482-488. 575 
Liu, N., Jin, X., Xue, L., Shi, J., Xu, Y., 2017. Concentrations distribution and 576 
ecological risk assessment of pharmaceuticals and personal care products in Taihu 577 
Lake, China Environmental Science, 37(9), 3515-3522 (in Chinese). 578 
Lu, M. 2016. Determination and abiotic degradation of nine trizole pesticides in 579 
natural aquatic environments, in, Xiamen University, Xiamen, 39 (in Chinese). 580 
Marcial, H., Hagiwara, A., 2007. Effect of diazinon  life stages and resting egg 581 
hatchability of rotifer Brachionus plicatilis, Hydrobiologia, 593, 219-225. 582 
OECD, 2006. OECD guidelines for the testing of chemicals: revised proposal for a 583 
new guideline 221, Lemna sp. growth inhibition test, Oranization for Economic 584 
Cooperdtion and Development., Paris. 585 
OECD, 2013a. OECD guidelines for the testing of chemicals: revised proposal for a 586 
new guideline 236, fish embryo acute toxicity (FET) test, Oranization for 587 
Economic Cooperdtion and Development., Paris. 588 
OECD, 2013b. OECD guidelines for the testing of chemicals: revised proposal for a 589 
new guideline 211, Daphnia Magna reproduction test, Oranization for Economic 590 
Cooperdtion and Development., Paris. 591 
OEHHA, 2015. Safe drinking water and toxic enforcement act of 1986, State of 592 
California Environmental Protection Agency, Sacramento. 593 
Preston, B.L., Snell, T.W., 2001. Full life-cycle toxicity assessment using rotifer 594 
resting egg production: implications for ecological risk assessment, 595 
Environmental Pollution, 114, 399-406. 596 
Rodríguez E M, Medesani D A, Fingerman M. Endocrine disruption in crustaceans 597 














146(4): 661- 671. 599 
SBTS, 2008. Effluent standards of pollutants for heterocyclic pesticides industry, in, 600 
Beijing. 601 
Shao, X., Huang, Q., 2002. Discussion of the acute toxicity and classification criteria 602 
for pesticide, Chinese Journal of Pest Control, 18, 465-466. 603 
USEPA, 1984. Guidelines for deriving numerical aquatic site-specific water quality 604 
criteria by modifying national criteria, Washington, D.C. 605 
USEPA, 1992. Pesticide ecotoxicity database (formerly: environmental effects 606 
database [EEDB]): environmental fate and effects division, USEPA, Washington, 607 
D.C. 608 
USEPA, 2006. Reregistration eligibility decision for triadimefon and toleranee 609 
reassessment for traidmimenol, USEPA, Washington, D.C.610 
USEPA, 2015. Endocrine disruptor screening program tier 1 screening determinations 611 
and associated data evaluation records, USEPA, Washington, D.C. 612 
Vlaardingen, P.L.A.V., Verbruggen, E.M.J., 2007. Guidance for the derivation of 613 
environmental risk limits within the framework of ‘International and national 614 
environmental quality standards for substances in the Netherlands’ (INS), 615 
Rijksinstituut Voor Volksgezondheid En Milieu Rivm, 63, 1016-1021. 616 
Wang, X., 2015. Fruit beauty become a new highlight in the fungicide market, 617 
Shandong Pesticide News, 1, 35 (in Chinese). 618 
Watschke, T.L., Mumma, R.O., Linde, D.T., Borger, J. A. Harrison, S. A., 1999. 619 
Surface runoff of selected pesticides applied to turfgrasses, in, ACS Symposium 620 
Series. 621 
Wei, C., Song, L., Yang, W., Lu, T., Wang, P., Yao, X., 2016. Detection and feature 622 














Guiyang, Environmental Science & Technology, 39, 131- 5 (in Chinese). 624 
WWF, 2005. A catalogue of lists of pesticides identifying those associated with 625 
particularly harmful health or environmental impacts, Pesticide Action Network 626 
UK, Brighton. 627 
Xu, J., Zhang, W., Li, S., Lang, Q., 2015. Research on toxicity test method for 628 
Brachionus calyciflorus, Asian Journal of Ecotoxicology, 10, 346-352. 629 
Zhao, L., Zhou, J., Cheng, Y., 2012. Review of exposure simulation shells for 630 
pesticide ecological risk assessment, Journal of Eclogy & Rural Environment, 28 631 
(1), 10-18 (in Chinese). 632 
Zhou, J., Cheng, Y., Shan, Z., 2015. Validation of the exposure simulation platform 633 
established for pesticide eco-risk assessment throug  monitoring data,  634 
International conference on environmental risk asses m nt of chemicals and 635 
criteria/standard, 127-128. 636 
Zhu, B., Liu, L., Gong, Y.X., Ling, F., Wang, G.X., 2014. Triazole-induced toxicity in 637 
developing rare minnow (Gobiocypris rarus) embryos, Environmental Science & 638 















(1) Sub-lethal effects of triadimefon on reproduction and growth of five aquatic 
species were determined. 
(2) Triadimefon caused significant effects on endocrine functions of aquatic 
organisms. 
(3) A final, Predicted No Effect Concentration (PNEC) of 3.66 µg L-1, to protect 
aquatic organisms in surface waters, was recommended. 
(4) Triadimefon was found to have a potential ecological risk to aquatic organisms in 
some surface waters of China. 
 
 
 
 
